1. The hydrolyses of the p-nitrophenyl esters of N-benzyloxycarbonylglycine, a-N-benzyloxycarbonyl-L-lysine and N-methoxycarbonyl-L-phenylalanylglycine catalysed by papain (EC 3.4.22.2) have been studied in solvents having a variable composition of 2H20 and H20. 2. kcat., which represents deacylation in the papain-catalysed hydrolysis of reactive esters, is some 2.3-fold less in 2H20 compared with H20. The magnitude of kcat has been determined as a function of the 2H atom fraction of the solvent. 3. Both linear and non-linear methods of least-squares regression analysis have been applied to the data in order to obtain best-fit parameter values for several three-parameter models which express kcat in terms of the 2H atom fraction of the solvent. These models represent some possible modes of restructuring of the active site protonic configuration consequent upon transition state formation. 4. The results of curve fitting reveal an essentially linear dependence of kcat upon the 2H atom fraction, and it may therefore be concluded that the isotope effect originates from a single proton which is in the process of transfer in the transition state. 5. It is postulated on the basis of this and other evidence that the mobile proton is transferred from an attacking water molecule to the imidazole side chain of His-159 during tetrahedral intermediate formation. This has the effect of stabilizing the transition state and promoting catalysis. The role of His-159 in deacylation is therefore to provide general base catalysis. 6. Models that involve two or more protons, such as a two-proton relay system analogous to that proposed for the serine proteinases, or a multiproton 'medium' effect, are considered unlikely on the basis of the data reported in this paper. 7. A more detailed examination of possible transition state structures reveals that the only structure compatible with available experimental data and consistent with certain theoretical predictions is one in which the proton translocates in concert with reorganization of the heavy atom framework. In addition, the transition state vibrations of the mobile proton are strongly coupled to those of the heavy atoms. These properties of the transition state are also manifest in the transition state for the deacylation of serine proteinases.
1. The hydrolyses of the p-nitrophenyl esters of N-benzyloxycarbonylglycine, a-N-benzyloxycarbonyl-L-lysine and N-methoxycarbonyl-L-phenylalanylglycine catalysed by papain (EC 3.4.22 .2) have been studied in solvents having a variable composition of 2H20 and H20. 2. kcat., which represents deacylation in the papain-catalysed hydrolysis of reactive esters, is some 2.3-fold less in 2H20 compared with H20. The magnitude of kcat has been determined as a function of the 2H atom fraction of the solvent. 3. Both linear and non-linear methods of least-squares regression analysis have been applied to the data in order to obtain best-fit parameter values for several three-parameter models which express kcat in terms of the 2H atom fraction of the solvent. These models represent some possible modes of restructuring of the active site protonic configuration consequent upon transition state formation. 4 . The results of curve fitting reveal an essentially linear dependence of kcat upon the 2H atom fraction, and it may therefore be concluded that the isotope effect originates from a single proton which is in the process of transfer in the transition state. 5. It is postulated on the basis of this and other evidence that the mobile proton is transferred from an attacking water molecule to the imidazole side chain of His-159 during tetrahedral intermediate formation. This has the effect of stabilizing the transition state and promoting catalysis. The role of His-159 in deacylation is therefore to provide general base catalysis. 6. Models that involve two or more protons, such as a two-proton relay system analogous to that proposed for the serine proteinases, or a multiproton 'medium' effect, are considered unlikely on the basis of the data reported in this paper. 7. A more detailed examination of possible transition state structures reveals that the only structure compatible with available experimental data and consistent with certain theoretical predictions is one in which the proton translocates in concert with reorganization of the heavy atom framework. In addition, the transition state vibrations of the mobile proton are strongly coupled to those of the heavy atoms. These properties of the transition state are also manifest in the transition state for the deacylation of serine proteinases.
Many approaches have been applied to the determination of the mechanism of papain (see e.g. Lowe, 1976; Angelides & Fink, 1978; Johnson et al., 1981a,b) . Solvent isotope studies have been restricted to measurement of the changes in rate Abbreviations used: Z-Gly-Nph, N-benzyloxycarbonylglycine p-nitrophenyl ester; Z-Lys-Nph, a-Nbenzyloxycarbonyl-L-lysine p-nitrophenyl ester; MeoPhe-Gly-Nph, N-methoxycarbonyl-L-phenylalanylglycine p-nitrophenyl ester; n, atom fraction of 2H in the solvent; HAR, heavy atom reorganization; PT, proton transfer. Vol. 199 values that result upon complete replacement of exchangeable solvent protons with deuterons, i.e. the kinetic solvent 2H isotope effect. The magnitude of the isotope effect on kcat. is approx. 2.2-3.3 for the papain-catalysed hydrolysis of substrates in which deacylation is rate-determining (e.g. esters) (Whitaker & Bender, 1965; Hinkle & Kirsch, 1970; Zannis & Kirsch, 1978) . These authors have interpreted 2H isotope effects of this magnitude as evidence for general base catalysis. However, although the existence of an isotope effect does imply that some protonic 0306-3275/81/120681-12$01.50/1 (© 1981 The Biochemical Society Z restructuring occurs during the reaction, it does not provide information concerning either the number of protons involved or their environment. Such information is obtainable by making rate measurements not only in 2H20 and H20, but also in binary mixtures of the two solvents. From the dependence of the rate upon the atom fraction of 2H in the solvent (n) it is possible, in principle, to resolve the number of protons and their individual contributions to the isotope effect, and thus construct a 'proton inventory' (Kresge, 1964; Gold, 1972; Schowen, 1977 Schowen, , 1978 . Schowen and his colleagues have introduced the proton inventory technique to the study of enzyme catalysis. They have carried out several proton inventory experiments on hydrolytic reactions catalysed by serine proteinases. Generally, single proton transfer has been found when simple substrates have been studied (Elrod et al., 1975 (Elrod et al., , 1980 but in cases where highly specific substrates were used dual concerted proton transfer was observed (Elrod et al., 1975 (Elrod et al., , 1980 Hunkapiller et al., 1976) . These proton transfers are assumed to occur amongst the AspHis-Ser residues of the potential 'charge relay' systems of these enzymes. The above observations appear to apply to both acylation and deacylation. A similar situation has been shown to exist in the case of the amidohydrolases (Elrod et al., 1975; Quinn et al., 1980) . X-ray crystallography reveals that the active site Asp-His-Ser triad in chymotrypsin (Blow et al., 1969 ) is replaced in papain by Asn(175)-His(159)-Cys(25) (Drenth et al., 1976) . However, since the side chain of Asn-175 is presumably unable to accept a proton at physiological pH, this would not constitute a viable 'charge relay' system. However, several authors (Brocklehurst & Malthouse, 1978; Brocklehurst et al., 1979a; Angelides & Fink, 1978) have pointed out that rotation about both the C-CA and CI-Cv bonds of the side chain of His-159 could take place consequent upon binding of specific substrates (or modifying reagents). This could bring the imidazole side chain into close proximity with the carboxyl group of Asp-158 to form a close analogue of the serine enzyme 'charge relay' system. Such rotation is implied by the observation of acid catalysis of amide substrate hydrolysis (Lowe & Yuthavong, 1971) , cryoenzymological studies (Angelides & Fink, 1978) , active site thiol group modification studies (Brocklehurst & Malthouse, 1978; Brocklehurst et al., 1979a,b) , and consideration of stereoelectronic constraints (Deslongschamps et al., 1975) . Evidence for the involvement of Asp-158 in the catalytic mechanism has come from recent work on pH-rate profiles (Allen et al., 1978) and structure-reactivity correlations (Zannis & Kirsch, 1978) . Consequently a charge relay system in papain is an intriguing possibility; it cannot be ruled out a priori.
Examples in enzyme catalysis of isotope effects that result from the involvement of many nontranslating solvent protons each of which contributes only a small effect (as deduced by proton inventory analysis), have recently been reported (Venkatasuban & Silverman, 1980; O'Leary et al., 1981) . It is important that this 'medium' effect which may arise, for example, from a conformational change that produces a perturbation of many solvating water molecules, be considered as a possible cause of the observed isotope effect.
It is evident that any of the mechanisms described above may be responsible for the isotope effect observed for the deacylation of papain. Indeed it is possible to conceive of many further mechanisms, each of which differs in the nature of its protonic restructuring. Therefore, in order to make a distinction amongst the possible protonic mechanisms we have initiated a study of papain catalysis by utilizing the proton inventory technique. This paper describes such experiments on the papain-catalysed hydrolyses of the p-nitrophenyl esters of N-benzyloxycarbonylglycine, a-N-benzyloxycarbonyl-L-lysine and N-methoxycarbonyl-L-phenylalanylglycine.
These substrates are specific and are subject to well-defined rate-limiting deacylation (Lowe, 1976) . In addition to the delineation of the proton inventory, the results obtained have been interpreted in conjunction with other available evidence and certain theoretical considerations in an effort to characterize more precisely the structure of the transition state in terms of the degree of proton transfer and the extent of reorganization of the heavy atom framework; the relative contributions of these two factors to the reaction co-ordinate have been evaluated.
Materials and methods

Materials
Dithiothreitol, Z-Gly-Nph and acetonitrile were obtained from BDH. Acetonitrile was redistilled before use and dried over molecular sieve; 2H20 (99.8 atom% 2H) was obtained from Aldrich and was used as such; Z-Lys-Nph was obtained from Sigma; and Meo-Phe-Gly-Nph ester was synthesized as follows.
L-Phenylalanine (lOg), NaHCO3 (10.2g) and methyl chloroformate (4.2 ml) were stirred vigorously in a mixture of 100ml of ethyl acetate and 100ml of water for 3h. The layers were separated, the aqueous layer being re-extracted with 50ml of ethyl acetate. The aqueous layer was adjusted to pH 2 with conc. HCl and extracted with 2 x 50 ml of ethyl acetate. The solvent was removed by rotary evaporation and the resulting colourless oil was dried over P205 in a vacuum dessicator (yield 8 g).
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Meo-Phe (6 g) was dissolved in 30 ml of dry chloroform together with 3.7 ml of triethylamine and the mixture was cooled to -50C in an ice/NaCl bath. Ethyl chloroformate (2.6ml) in 20ml of dry chloroform was added dropwise over 15 min and the solution was stirred for a further 10min at this temperature. Glycine ethyl ester hydrochloride (3.7 g) was added to the solution followed by triethylamine (3.7ml) in 20ml of dry chloroform which was added dropwise over 15 min. The solution was stirred for 2 h, being allowed to come to room temperature after 30min and was subsequently extracted with 2 x 50ml of water, 2 x 50ml of 2% (w/v) NaHCO3, 2 x 50ml of 0.1 M-HCI and 2 x 50ml of water. Chloroform was removed by rotary evaporation to yield a crystalline product (yield 6.3g).
Meo-Phe-Gly-OEt (5 g) was dissolved in 30ml of acetonitrile/water (1: 1, v/v) and cooled in ice. NaOH (8.1 ml, 2 M) was added dropwise over 20 min and the mixture was stirred for a further 10min. Acetonitrile was removed by rotary evaporation and the resulting aqueous solution was extracted with 2 x 25 ml of ethyl acetate, acidified to pH 2 with HC1 and again extracted with 2 x 25 ml of ethyl acetate. Rotary evaporation of the solvent yielded white crystals of the acid (yield 1.5 g).
Meo-Phe-Gly (1 g) was dissolved in 25 ml of dry tetrahydrofuran and cooled to -4°C in an ice-NaCl bath. Dicyclohexylcarbodi-imide (0.73 g) and pnitrophenol (0.5 g) were added and the mixture was stirred at -40C for 30min and for a further 2h at room temperature after which acetic acid (0.1ml) Kinetic procedures and preparation of mixed isotopic solvents Solutions of 0.2M-phosphate buffer having different values of the atom fraction of 2H in the solvent (n) were prepared gravimetrically by mixing in appropriate quantities 0.2M-phosphate buffers made up in H20 and 2H20. A constant buffer ratio was maintained in all mixtures. A quantity sufficient for 15-25 reactions was prepared for n = 0, and for 4-7 reactions for each of the other values of n; altogether 13 different values of n between 0 and approx. 0.98 were used for each experiment. Exchangeable hydrogen atoms contributed by added buffer salts were taken into account in the calculation of n. The pH and p2H values of the stock solutions of H20 and 2H20 buffers (i.e. n = 0 and 0.98) were checked on a Radiometer pH meter model no. 26 and the p2H value was calculated using the relation p2H = meter reading + 0.4 (Glascoe & Long, 1960) . Papain (0.014-0.021 mM) was activated in 0.05M-phosphate buffer, pH 6.0, containing 1 mM-EDTA and 2 mM-dithiothreitol for approx. 20-30min at room temperature and stored on ice; the resulting stock solution was stable for the duration of each experiment (approx. 6-8 h). Substrate stock solutions were made up in dry acetonitrile [except for the stock solution of Z-Lys-Nph, in which 5% (v/v) water was included in order to enhance solubilityl and stored on ice.
A typical kinetic run was performed as follows: a cuvette containing 2 ml of buffer was brought to thermal equilibrium in the sample compartment of a Pye Unicam SP. 1800 u.v. spectrophotometer thermostat-controlled at 25 + 0.1°C; 50ul of enzyme stock solution was then added. After thermal equilibration had been achieved, as judged by the response of a thermistor probe inserted directly into the cell, reaction was initiated by addition of 50,ul of substrate, and the progress of the reaction was monitored at 400nm (340nm for Z-Lys-Nph). The pL change [the term pL refers to the apparent pH of an H20/2H20 mixture, after applying the glass electrode correction (Glascoe & Long, 1960 )1 attendant upon reaction was checked in several cases and found to be negligible. For each n value, the aqueous rate of hydrolysis of the particular substrate was determined by substitution of 50,ul of 0.05 M-phosphate buffer, pH 6.0, containing 1 mm-EDTA and 2 mM-dithiothreitol, for enzyme stock solution. The rate values thus obtained, which varied slightly with n and in no case exceeded 5% of the total rate in the presence of enzyme, were fitted to a linear function of n by least-squares regression. Rate values measured in the presence of enzyme were corrected for aqueous hydrolysis by subtraction of the calculated aqueous rate. The reaction was followed to completion in several cases, and the total Vol. 199 change in absorbance (and hence As) was determined at several n values. As, which was found to decrease upon complete isotopic substitution of solvent by approx. 4% at pH 7.0 and approx. 6% at pH 6.0, was also fitted to a linear function of n, and a further correction was made.
Since the buffer ratio is constant in each mixed isotopic solvent, and the PKa change of phosphate upon deuteration of solvent (Schowen, 1978) is approximately equal to the corresponding PKa change of deacylation , kcat will be situated at the same relative point on the kcat-pL profile for each value of n. In view of the fact that the pH values at which rate measurements were made fall upon the plateau region of the kcat-pH profile for deacylation, the sensitivity of kcat to change in pL will be small in any case.
The kinetic parameters for the papain-catalysed hydrolysis of Meo-Phe-Gly-Nph at pH 7.0 and 25 IC were determined by the method of Atkins & Nimmo (1973) . The Km and kcat values were found to be 0.97 pm and 7.9s-5 respectively. The Km values at pH6-7 for Z-Gly-Nph and Z-Lys-Nph are 9.3upM (Kirsch & Inglestrom, 1966 ) and 1.71 M respectively, and consequently the initial substrate concentrations used in the experiments reported in this paper (Table 1) Theory. The deacylation of papain in mixtures of 2H20 and H20 may be represented by Scheme 1. In this scheme it is assumed that a single proton, which is freely exchangeable with solvent, participates in the catalytic mechanism. This represents a particular case of the general situation in which several exchangeable protons participate in the reaction. The single proton case is used initially in order to introduce the fundamental concepts involved and will subsequently be extended to the general case.
In this scheme EHS represents the fully protiated (Eyring, 1935) , and the species containing D represent the equivalent deuterated species. It can be shown (Kresge, 1964; Gold, 1972; Albery, 1975) Transition-state fractionation factors are not directly measurable, and since the transition state has a very short lifetime it is not capable of direct proton exchange with the solvent. However, the transition state will be in pseudo-equilibrium with the solvent via the ground state equilibrium (see Scheme 1). If the proton is not in the process of transfer in the transition state but its microenvironment is altered during the reaction, its fractionation factor will have a value in between that of the ground state and that of the product, depending on the position of 1981 684 (2) the transition state on the reaction co-ordinate. The resulting isotope effect is described as secondary in contrast to the primary effect which arises from a proton which is in the process of transfer in the transition state. If the proton is undergoing transfer, then its transition state fractionation factor is expected to be in the range 0.1-0.7 (see the Discussion).
As mentioned above, if several protons participate in the reaction, it is necessary to introduce additional equilibria into Scheme 1. In this case, eqn.
(1) becomes eqn. (3), which is known as the Gross-Butler equation (Kresge, 1964; Gold, 1972) :
where O,G is the ground state fractionation factor of the ith exchangeable hydrogenic site, 0:T is the corresponding transition state fractionation factor, and v is the number of protons involved in the reaction. Clearly protons unchanged during the reaction may be included in eqn. (3) but the terms in the numerator and denominator contributed by each of these protons will cancel. A detailed discussion of the validity of the assumptions implicit in the derivation of eqn. (3) is given by Gold (1972) . Consideration of eqn. (3) reveals that variation of n should, at least in principle, allow the determination of the value of v and the O,G and OT values.
In practice, the presence of protons producing small effects may be obscured by experimental error. The construction of a 'proton inventory', which is what analysis of eqn. (3) as above implies, should allow a detailed description of the proton dynamics of the reaction. Clearly measurements restricted to n = 0 and 1 will not allow such a detailed analysis to be achieved.
Statistical analysis of data. In order to determine the proton inventory for a given reaction it is necessary to consider a number of specific forms of eqn. (3) (models) which encompass a variety of conceivable protonic mechanisms. If a number of models which covers a sufficient range of mechanisms is selected, it should be possible to specify the parameters of eqn. (3) for the reaction. This approach has been adopted in this paper, and three models have been fitted by least-squares methods to each of the sets of data obtained in the present studies.
The first model (Model I) describes a mechanism that involves two protons whose ground state fractionation factors are both set to unity. Eqn. (3) then becomes eqn. (4):
which may be rewritten as eqn. (5): kn = ko + k of(OIT-1) + (02 T-l)ln + ko(oIT_ 1)(02T_l)n2 (5) Thus, linear least-squares regression analysis (Draper & Smith, 1966; Cornish-Bowden, 1976) may be employed to determine the values of ko, #1T and #2T, which are the best-fit estimates of ko, 01 T and 02T respectively, and their variances and co-variances. Furthermore, it is possible to calculate the boundaries circumscribing joint confidence regions for the two parameters, 01jT, 02T, at any given level of significance, by use of eqn. (6) (Box & Hunter, 1962; Draper & Smith, 1966): SS(KO, 01T902T) = SS(ko,IT, 2T) .(p) F(p,m-p, 1-a) (6) where SS is the sum of squares of residuals, m is the no. of data points, p is the no. of parameters, and F(p, m-p, 1-a) is the corresponding upper 100 a% point of the F-distribution.
If ko is very accurately defined (see later), it may be treated as a constant, and eqn. (6) The second model (Model II) to be tested describes the case of a single proton whose ground state fractionation factor is allowed to vary. Such a situation is described by eqn. (7): k= ko(1-n+nOT)/(l -n + nOG) (7) Best-fit values of ko0 zOG and OT' and their variance and co-variances were obtained by non-linear least-squares regression analysis which was performed using a combination of the simplex method of Nelder & Mead and the method of steepest descent (Wharton et al., 1974) .
The third model (Model III) to be tested is described by eqn. (8): kn =kol (1-n + no)-(8) Vol. 199 This equation represents mechanisms that involve several protons with identical transition state fractionation factors with associated ground state fractionation factors of unity, or vice versa. In the former case, co will be a positive integer, while in the latter case it will be a negative integer. If the fractionation factors are not equal, the best-fit value of co will be non-integral. In this case eqn. (8) cannot correctly represent the true mechanistic situation, but may nonetheless be of diagnostic utility in discriminating amongst alternative mechanisms.
The choice of models outlined above was found to be adequate for the purpose of distinguishing the possible alternative mechanisms for the deacylation reactions described below. It is to be emphasized, however, that more complicated models would have to be applied to more complex cases, e.g. mechanisms involving many protons with different fractionation factors in the ground and transition states, in which case forms of eqn. (3) containing four or more parameters would have to be used (e.g. see Hopper et al., 1973) .
Results
In Table 1 The best-fit parameters for model II (Table 2) show that for all three substrates the ground state fractionation factor is close to unity whereas the transition state fractionation factor is again 0.40-0.44.
Finally, fitting of model III ( Table 2 and co values in Table 3 cannot be rigorously assessed owing to the possible introduction of small errors as a result of the procedures used to correct the rate values for the variation of AE and the aqueous rate with n. Such errors could arise since the variation of the aqueous rate and As with n is small, and it was not possible in either case to make a distinction between a linear and slightly curved dependence upon n. hydrolyses may be analysed in detail as described in the Discussion section. It is essential that the exchange with the solvent of all protons that participate in the reaction occurs rapidly. have shown that when an aliquot of trans-cinnamoyl-papain made up in 2H20 is added to an H20 buffer, no departure from first-order kinetics is observed throughout the reaction, and the deacylation rate constant is identical with that obtained when the sample is made up in H20. It follows that the exchange of any labile protons participating in the reaction is complete within the mixing time (approx. 10s), or does not occur at all. Similarly, if there is a conformational change of the acyl-enzyme upon deuteration which affects the deacylation rate, then it must be rapidly reversible. Schowen (1977) has argued against any gross conformational changes of proteins in 2H20. Other criticisms of the proton inventory technique have been raised (Kresge, 1973) . For a discussion of the validity or otherwise of these criticisms, and a defence of the use of the proton inventory technique, see Schowen (1978) and also Elrod et al. (1975) .
Discussion
Nature of protonic catalysis at the active site of papain As argued in the Results section, the dependence of the deacylation rate constant, kcat., upon n is essentially linear, and it may therefore be concluded that the kinetic isotope effect originates from the transfer of one proton in the transition state. However, the identification of the species between which proton transfer takes place can be made unequivocally only in conjunction with other experimental data. Vol. 199
Thus it is apparent from the sigmoidal pH dependence of deacylation that the basic form of a group with PKa approx. 4 is required for catalytic activity (Whitaker & Bender, 1965; Williams & Whitaker, 1967; Lowe, 1976; Zannis & Kirsch, 1978) . This type of pH-dependence has been interpreted, in common with the serine proteinases, in terms of general base catalysis (Fersht, 1977) . If the side chains of Cys-25 and His-159 exist in the free enzyme in the form of an ion-pair, and have PKa values of approx. 4 and 8.6 respectively (Polgar, 1974; Lewis et al., 1976; Johnson et al., 1981a,b; Lewis et al., 1981) , the sulphur anion would be expected to be a good leaving group. This implies that tetrahedral intermediate breakdown will be fast and suggests that its formation will be ratelimiting.
The Hammett p value of 2.74+0.32 found by Zannis & Kirsch (1978) for the deacylation of substituted benzoyl-papains is similar to that obtained for the deacylation of substituted benzoylchymotrypsins, suggesting a similar charge development in both reactions. They have contended on the basis of the magnitude of the p value that ratelimiting addition to the carbonyl group by an anionic nucleophile must occur in both enzymes (Asp-158 in papain and Asp-102 via the charge relay system in chymotrypsin) since reactions involving attack by uncharged nucleophiles are usually characterized by smaller (<1.4) p values. However, Johnson et al. (1981b) have shown that the size of the p value increases from this low value if the reaction is general-base-catalysed and also if the leaving group has a low pKa. The larger Hammett p value is therefore consistent with general-base-catalysed attack.
From the above discussion it appears likely that in the deacylation of acyl-papains rate-limiting generalbase-catalysed formation of the tetrahedral intermediate occurs. The most plausible candidate for the general base in the light of the X-ray structure (Drenth et al., 1976 ) is the imidazole side chain of His-159. This conclusion is supported by recent 1H n.m.r. studies in which His-159 was directly titrated in papain whose thiol group was blocked by an -S-CH3 group (Johnson et al., 198 la) . The PKa of His-159 in this model acyl-enzyme was found to be close to 4, in good agreement with that determined from pH-rate titrations. Zannis & Kirsch (1978) have argued in favour of Asp-158 as the general base, basing their argument on the Hammett p value of 2.74 and the near-zero heat of ionization observed for the deacylation of benzoyl-papains. However, using fluorometric titrations, Johnson et al. (1981b) have shown that the above observations are nevertheless consistent with His-159 acting as the general base (see also discussion above). If indeed His-159 is the general base, then the rate determining step of deacylation may be written as follows:
HARIPT diagram for the deacylation of acylpapains
The mechanism as shown above is incomplete in that it does not define the structure of the transition state in terms of bond orders and atomic charges. In order to achieve this, it is necessary to specify the degree of proton transfer (PT) from water to imidazole, and the degree of heavy atom reorganization (HAR) (i.e. the extent of bond breaking and making to heavy atoms). The transition state structure may then be described by a point on a two-dimensional diagram relating HAR to PT. A third axis, orthogonal to the HAR and PT axes, represents the potential energy of the system. The general form of the potential energy surface may then be assessed from both the theoretical and experimental viewpoints in order to achieve sensible placing of putative reaction pathways (routes across the potential energy surface from reactants to products), intermediates (local potential energy minima) and transition states (saddle points on the potential energy surface). This method of describing reactions has become increasingly popular, particularly in the case of simple chemical reactions, and many such diagrams have recently been published in the literature (e.g. More O'Ferrall, 1970; Jencks, 1972; Albery et al., 1972; Cordes & Bull, 1974; Bruice, 1976; Hegazi et al., 1978) . The HAR/PT diagram for tetrahedral intermediate formation in the deacylation of acyl-papains is shown in Fig. 3 . In order to encompass reasonable reaction mechanisms several possible alternative reaction pathways (P1-P5) are shown. P1 and P2 are pathways in which HAR and PT occur in separate steps of the reaction (either HAR followed by PT, as in P1, or PT followed by HAR, as in P2). Such pathways are described as being stepwise (often known as dynamically uncoupled). P1 and P2 are expected to proceed through the dipolar intermediates, I1 and I2, respectively. Pathways P3-P5, in which HAR and PT progress more or less in unison, are described as being concerted (or dynamically coupled) (Hegazi et al., 1978) . In order to achieve definition of the most likely transition state structure, it is necessary to consider a number of possible representative transition states. These are shown in Fig. 3 Vol. 199 B T6 and T7 have been included near these intermediates, in accordance with the Hammond Postulate (Hammond, 1955) .I In view of the above, the minimum potential energy path, on which the transition state must lie, is then expected to be situated on or near the diagonal joining A and C, i.e. it will be concerted. Albery (1975) , on the basis of Jenck's rule for general acid-base catalysis (Jencks, 1972) , has argued using Marcus theory (Marcus, 1968) , that the transition state for proton transfer reactions occurs at a value of HAR such that the free energy change for proton transfer is zero. This condition is satisfied when the PKa values of the proton-accepting and proton-donating species are equal, in which case PT (Wharton & Eisenthal, 1981) . In particular, a value of 0.33 has been R to PTfor the obtained (Fedor & Bruice, 1965) (Johnson et al., 1981b) . Transition states T5-T7
in the degree of may be likewise excluded since any effect of negative and PT and are charge build-up on the incipient hydroxide ion will cts of differing be poorly transmitted via the carbonyl group (to which it is not covalently bonded) -to the benzoyl moiety (Exner, 1972) . In view of the above considerations a transition state in the region of T9 seems to be the most ata reported here) reasonable choice. We will now consider the extent s.
to which the proton inventory results support this view.
R/PT diagram
In this regard, the magnitude Of pT, -0. approximately half-transferred) (Westheimer, 1961 ; see also Schowen, 1972; More O'Ferrall, 1975) . However, it has been pointed out by Bell (1965) and reiterated by several other authors (Johnson, 1967; Jencks, 1969; More O'Ferrall, 1975; Albery, 1975 ) that Westheimer's treatment using a three-centre model is inadequate for the description of proton transfer processes which involve concomitant heavy atom rearrangement, such as the reaction presently under discussion; at least a five-centre model must be considered. In such an extended structure it is necessary to consider additional transition state vibrations which involve motion of the proton in transit, some of which will be isotopically sensitive (i.e. their zero-point energy will decrease upon isotopic substitution). where An = HAR-PT and #(COL+) -fractionation factor of 'hydronium ion-like' proton = 0.69, 0(-OL) = fractionation factor of 'alcohol-like' proton= 1.0 (Albery, 1975) . The fractionation factor of protonated imidazole is taken to be unity (Schowen, 1972) Ti  T2  T3   T4  T5  T6  T7  T8  T9a  T9b  T9c Approximate transition state fractionation factors Fig. 3 . Secondary isotope effects, which must be included in the calculation, have been calculated by the method of Schowen (1972) . Such secondary isotope effects arise from the contribution of grounded protons that experience a change in microenvironment during the reaction (see the 'Theory' section). Comparison of the hypothetical proton inventories, shown in Table  4 , with the experimental results (Tables 1-3, Figs. 1 and 2) allows the rejection of all transition states other than T6, T7 and T9b. In T6 and T7, the non-translating proton (B) will have a hydroxide-ion like fractionation factor, i.e. Q0.5* and if the other proton (A) has a fractionation factor of, say, -0.9 (e.g. if it is a translating proton in a very asymmetric transition state, nearly completely transferred as in T6) or 1.0 (not translating, as in T7), then the predicted isotope results are consistent with experiment (see Fig. 2 ). However, T6 and T7 may be ruled out on the basis of theoretical considerations and structure-reactivity correlations (Bronsted and Hammett), see above.
Consequently, by a process of elimination, it may be postulated that the most reasonable transition state for the deacylation of acyl-papains is vibrationally well coupled and lies upon a concerted reaction pathway. This transition state is located in the region of T9b on the HAR/PT diagram, i.e. at * Albery (1975) has contended that the fractionation factor of the hydroxide ion is approx. 1.2. If this is the case, then T7 is also excluded on the basis of the proton inventory data.
HARZ. PT 0.5. The shaded region in Fig. 3 represents the range of reasonable transition state structures. Table 5 summarizes the various results that have been combined to allow the characterization of the transition state.
The magnitudes of the Hammett p value, isotope effects etc. are very similar for deacylation reactions catalysed by serine proteinases. It follows that the above discussion applies equally well in this case and that the table for the serine proteinases corresponding to Table 5 for papain will be identical to the latter, and that the HAR/PT diagram for the serine proteinases will be similar to Fig. 3 .
It remains to be seen whether more extended substrates (e.g. tripeptide derivatives) which would be capable of interacting more extensively with the protracted active site of papain (Lowe, 1976) than those used in this study might be able to induce dual proton transfer in a potential charge relay system, such as Asp(158)-His(159)-Cys(25). It must be mentioned, however, that there is now an increasing amount of evidence from a variety of n.m.r. studies (Markley, 1979) which is in contradiction to the charge-relay theory for the serine proteinases, and the recent 1H n.m.r. studies on papain (Johnson et al., 198 1a,b; Lewis et al., 1981) support this view in the case of papain.
It is apparent from the results and discussion presented in this paper that the use of the proton inventory technique, particularly when combined with the results of other types of investigation, provides a powerful method for the determination of reaction pathways and transition-state structures in enzyme-catalysed reactions. The proton inventory method has been applied to the analysis of the acylation reaction in papain-catalysed hydrolysis; both the nature of the isotope effects and the resulting HAR/PT diagram are very different from those found for deacylation (R. J. Szawelski & C. W. Wharton, unpublished work).
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